The tumor suppressor protein p53 plays a crucial role in coordinating cellular processes, such as cell cycle arrest, apoptosis, and senescence. The nerve injury-induced protein 1 (Ninjurin1, Ninj1) is a homophilic adhesion molecule and involved in nerve regeneration. Interestingly, Ninj1 is found to be overexpressed in human cancer, but its role in tumorigenesis is not clear. Here, we found that Ninj1 is transcriptionally regulated by p53 and can be induced by DNA damage in a p53-dependent manner. We also found that knockout or knockdown of Ninj1 increases p53 expression potentially through enhanced p53 mRNA translation. In addition, we found that Ninj1 deficiency suppresses cell proliferation but enhances apoptosis and premature senescence in a p53-dependent manner. Consistent with this, we found that mice heterozygous in ninj1 are hypersensitive to ionizing radiation-induced lethality, along with increased expression of p53 in thymus. Taken together, we provided evidence that Ninj1 is a p53 target and modulates p53 mRNA translation and p53-dependent premature senescence, cell proliferation, apoptosis, and radiationinduced mortality in vitro and in vivo. Thus, we postulate that as a membrane adhesion molecule, Ninj1 is an ideal target to regulate p53 activity via the p53-Ninj1 loop. cellular senescence | radiosensitivity T he tumor suppressor protein p53 plays a pivotal role in tumor suppression by regulating cell cycle arrest, apoptosis, and senescence (1). Under unstressed condition, p53 protein is maintained at a low level mostly through ubiquitinationmediated proteosomal degradation (2). In response to DNA damage and other stress signals, p53 is activated and functions as a transcription factor to induce its downstream targets for various cellular processes such as cell cycle arrest [p21, growth arrest and DNA-damage-inducible protein 45 (GADD45)] (3, 4), apoptosis [p53 up-regulated modulator of apoptosis protein (PUMA), insulinlike growth factor binding protein 3 (IGFBP3), DR5] (5-7), and senescence [plasminogen activator inhibitor-1 (PAI-1), differentially expressed in chondrocytes protein 1 (DEC1)] (8, 9). Although many p53 target genes related to various cellular processes have been identified, these are still insufficient to explain how p53 exerts its functions, in particular cellular senescence. Previously, many potential p53 target genes, including nerve injury-induced protein 1 (Ninjurin1, Ninj1), were identified by a DNA microarray study (10).
The tumor suppressor protein p53 plays a crucial role in coordinating cellular processes, such as cell cycle arrest, apoptosis, and senescence. The nerve injury-induced protein 1 (Ninjurin1, Ninj1) is a homophilic adhesion molecule and involved in nerve regeneration. Interestingly, Ninj1 is found to be overexpressed in human cancer, but its role in tumorigenesis is not clear. Here, we found that Ninj1 is transcriptionally regulated by p53 and can be induced by DNA damage in a p53-dependent manner. We also found that knockout or knockdown of Ninj1 increases p53 expression potentially through enhanced p53 mRNA translation. In addition, we found that Ninj1 deficiency suppresses cell proliferation but enhances apoptosis and premature senescence in a p53-dependent manner. Consistent with this, we found that mice heterozygous in ninj1 are hypersensitive to ionizing radiation-induced lethality, along with increased expression of p53 in thymus. Taken together, we provided evidence that Ninj1 is a p53 target and modulates p53 mRNA translation and p53-dependent premature senescence, cell proliferation, apoptosis, and radiationinduced mortality in vitro and in vivo. Thus, we postulate that as a membrane adhesion molecule, Ninj1 is an ideal target to regulate p53 activity via the p53-Ninj1 loop. cellular senescence | radiosensitivity T he tumor suppressor protein p53 plays a pivotal role in tumor suppression by regulating cell cycle arrest, apoptosis, and senescence (1) . Under unstressed condition, p53 protein is maintained at a low level mostly through ubiquitinationmediated proteosomal degradation (2) . In response to DNA damage and other stress signals, p53 is activated and functions as a transcription factor to induce its downstream targets for various cellular processes such as cell cycle arrest [p21, growth arrest and DNA-damage-inducible protein 45 (GADD45)] (3, 4) , apoptosis [p53 up-regulated modulator of apoptosis protein (PUMA), insulinlike growth factor binding protein 3 (IGFBP3), DR5] (5-7), and senescence [plasminogen activator inhibitor-1 (PAI-1), differentially expressed in chondrocytes protein 1 (DEC1)] (8, 9) . Although many p53 target genes related to various cellular processes have been identified, these are still insufficient to explain how p53 exerts its functions, in particular cellular senescence. Previously, many potential p53 target genes, including nerve injury-induced protein 1 (Ninjurin1, Ninj1), were identified by a DNA microarray study (10) .
The ninj1 gene, which encodes a homophilic adhesion molecule and cell surface protein, was found to be highly induced following nerve injury in dorsal root ganglion (DRG) neurons and Schwann cells (11) . Ninj1 protein is necessary for mediating homophilic adhesion and promoting neurite outgrowth of DRG neurons (11, 12) , suggesting that Ninj1 plays a role in nerve regeneration. The ninj1 gene was also found to be up-regulated in myeloid cells associated with experimental allergic encephalomyelitis and active multiple sclerosis, which subsequently modulates the infiltration of inflammatory myeloid cells into central nerve system (13) . Additionally, Ninj1 was found to be overexpressed in hepatocellular carcinoma (14) and acute lymphoblastic B-cell leukemia (15) . Furthermore, Ninj1 was found to be induced by ionizing radiation in keratinocytes and dermal fibroblasts (16) . These reports let us postulate that Ninj1 plays a role in cell survival and cell death. However, whether p53 directly regulates Ninj1 expression and whether Ninj1 has a role in the p53 pathway are not clear.
In this study, we found that Ninj1 is a target of p53 and can be induced by DNA damage in a p53-dependent manner. Most importantly, silencing of Ninj1 led to increased p53 mRNA translation, resulting in p53-dependent cellular senescence, apoptosis, and growth suppression. Moreover, mice heterozygous in ninj1 showed an increased radiosensitivity along with increased expression of p53 in thymus upon whole-body γ-irradiation. Our findings support the idea that Ninj1 plays a role in p53-mediated tumor suppression in addition to nerve regeneration.
Results
Ninj1 Is a p53 Target. To identify target genes regulated by p53, we performed a microarray assay using H1299 cells that can inducibly express p53. Many well-defined p53 target genes were identified, including p21, mouse double minute protein 2 (Mdm2), and Gadd45. In addition, we found that Ninj1 was induced by p53, consistent with a previous microarray study (10) . To confirm the microarray study, H1299 cells were uninduced or induced to express p53, followed by Northern blot analysis. We found that the level of Ninj1 transcript was markedly increased by p53, along with increased expression of p21 (Fig. 1A) . Moreover, we found that in response to treatment with camptothecin, the level of Ninj1 transcript was increased in HCT116, p53 +/− HCT116, MCF7, and LNCaP cells (Fig. 1B , compare lanes 3, 5, 11, and 13 with 4, 6, 12, and 14, respectively). These cells carry either one or two alleles of the wild-type p53 gene. As a positive control, p21 was also induced in these cells treated with camptothecin (Fig. 1B) . By contrast, Ninj1 was not induced in p53 −/− HCT116 and mutant p53-containing T98G cells upon treatment with camptothecin (Fig. 1B , compare lanes 1 and 9 with 2 and 10, respectively). We also found that Ninj1 was induced in p21 −/− HCT116 cells treated with camptothecin (Fig. 1B , compare lane 7 with 8), suggesting that the induction of Ninj1 by p53 is not affected by loss of p21. Furthermore, quantitative RT-PCR showed that the level of Ninj1 mRNA was increased by threefold in MCF7 cells upon treatment with doxorubicin, whereas p21 mRNA, as a positive control, was increased by fourfold (Fig. 1C) . Next, Western blot analysis was performed and showed that the level of Ninj1 protein was increased in MCF7 cells by ectopically expressed p53 (Fig. 1D ) and upon treatment with doxorubicin and camptothecin (Fig. 1E , compare lanes 1 and 4 with 2-3 and 5-6, respectively). Mdm2, a well-defined p53 target, was measured as a control and found to be increased (Fig. 1 D and E) . Similarly, the level of Ninj1 protein was increased in HepG2 cells, which carry wild-type p53, upon treatment with doxorubicin (Fig. 1F , compare lane 1 with 2 and 3). Furthermore, we found that upon treatment with doxorubicin, the level of Ninj1 protein on the cell membrane was increased in MCF7 cells (Fig. 1G ) and HepG2 cells (Fig. S1) . However, Claudin1, another cell adhesion molecule, was not increased by DNA damage (Fig. 1G and Fig. S1 ). Similarly, we showed that Ninj1 protein was found to be localized on the MCF7 cell membrane, and the intensity of Ninj1 staining was markedly increased upon treatment with doxorubicin and camptothecin (Fig. 1H) .
p53 induces target gene expression via binding to specific DNA sequences in the promoter or intron. Thus, we searched for p53-responsive element (p53-RE) in the genomic locus of the Ninj1 gene and found one potential binding site at nucleotides −2573 to −2407 in the Ninj1 promoter (Fig. 2A) . To determine whether the Ninj1 promoter is recognized by p53, MCF7 cells were mock-treated or treated with camptothecin to induce p53 expression, followed by chromatin immunoprecipitation (ChIP) assay. We found that endogenous p53 directly bound to the Ninj1, as well as p21, promoters (Fig. 2B , lanes 4 and 6) but not to the control GAPDH promoter (Fig. 2B, lane 3) . Moreover, to test whether the p53-RE in the Ninj1 promoter is responsive to p53, we generated two luciferase reporters carrying either wild-type or mutant p53-RE under the control of the C-fos minimal promoter (Fig. 2C) . We showed that the luciferase activity under the control of wild-type but not mutant p53-RE was markedly increased by wild-type p53, whereas mutant p53 was inert in both H1299 and MCF7 cells (Fig. 2D and Fig. S2 ). As a positive control, the luciferase activity under the control of the p21 promoter was increased by wild-type but not mutant p53 (Fig. 2D and Fig. S2 ). Our findings suggest that p53 transcriptionally regulates the Ninj1 gene by binding to the p53-RE in the promoter.
Lack of Ninj1 Up-Regulates p53 Expression Potentially Through
Enhanced mRNA Translation. To determine the biological function of Ninj1, we generated stable cell lines in which shRNA against Ninj1 can be inducibly expressed in RKO cells as described previously (17) and two clones were chosen for further analysis. We showed that upon induction of Ninj1 shRNA, the level of Ninj1 transcript was decreased in RKO cells (Fig. S3A) . Next, colony-formation assay was performed and showed that Ninj1 knockdown suppressed cell proliferation in RKO cells regardless of treatment with doxorubicin (Fig. S3B) . Because p53 is a potent growth suppressor, we reasoned that p53 may be involved in growth suppression induced by Ninj1 knockdown. To address this, the level of p53 protein was measured in RKO cells uninduced or induced to knock down Ninj1, along with treatment of doxorubicin or etoposide for various times. We found that the levels of p53 protein were markedly increased by Ninj1 knockdown upon DNA damage, concomitantly with increased expression of Mdm2 and p21 (Fig. S4 A-C) . However, knockdown of Ninj1 had little, if any, effect on the expression of Integrin β4 and β-catenin (Fig. S4D) . Conversely, ectopic expression of Ninj1 decreased the levels of p53 protein along with decreased expression of Mdm2 in RKO (Fig. S5) .
Because p53 is an apoptosis inducer, we postulate that Ninj1 may mediate p53-dependent apoptosis. To test this, we measured the protein level of PUMA, a p53 target and a potent apoptosis inducer, in RKO cells uninduced or induced to knock down Ninj1. We found that Ninj1 knockdown increased the levels of p53 and PUMA proteins upon treatment with doxorubicin ( Fig. S6A ) and, consequently, enhanced DNA damage-induced apoptosis (5.5% vs. 15.0%) (Fig. S6B) .
To verify the regulation of p53 by Ninj1, we generated ninj1-deficient mice by deleting exon 2 in the ninj1 gene, which contains most of the coding region (Fig. S7A) . ninj1 +/− and ninj1 −/− mice were identified by genotyping using PCR (Fig. S7 B and C). Primary mouse embryonic fibroblasts (MEFs) were isolated from ninj1
, and ninj1 −/− embryos. We would like to mention that we were unable to detect mouse Ninj1 protein because of antibody limitation. Thus, the genetic status of the ninj1 gene in ninj1 +/+ and ninj1 −/− MEFs at passage 4 ( Fig. 3A ) and in ninj1
, and ninj1 −/− MEFs at passage 3 ( Fig. 3C ) was confirmed by RT-PCR. Importantly, we found that the level of p53 was increased in ninj1 −/− MEFs at passage 4 compared with that in ninj1 +/+ MEFs (Fig. 3B) . Similarly, upon treatment with doxorubicin, the level of p53 was increased in ninj1 −/− MEFs at passage 3 and to a lesser extent in ninj1 +/− MEFs, compared with that in ninj1 +/+ MEFs (Fig. 3D , compare lanes 1 and 4 with lanes 2-3 and 5-6, respectively). Consistently, the levels of p53 protein at both the basal and DNA-damage conditions were markedly increased in immortalized ninj1 −/− MEFs at passage 11, compared with that in ninj1 +/+ MEFs (Fig. S8A , compare lanes 1 and 3 with 2 and 4, respectively). To confirm that Ninj1 modulates p53 expression, ninj1 was transiently knocked down in primary MEFs at passages 10 and 13 with two sets of siRNAs against ninj1 along with a scramble siRNA ( To explore the underlying mechanism by which Ninj1 regulates p53 expression, RT-PCR was performed and showed that the level of p53 transcript was not altered in MEFs upon knockout of Ninj1 and in RKO cells upon knockdown of Ninj1 ( Fig. S9 A and B) . Moreover, we found that Ninj1 knockdown did not increase, but rather decreased, the half-life of p53 protein in RKO cells (Fig. S9 C and D) . These data let us postulate that Ninj1 regulates p53 mRNA translation. To test this, the level of newly synthesized p53 protein in ninj1 +/+ and ninj1
MEFs was measured by 35 S-metabolic labeling. Indeed, we found that loss of Ninj1 led to 1.7-fold increase in the level of newly synthesized p53 in MEFs at passage 4 and 1.8-fold at passage 11 ( Fig. 3G and Fig. S9E ). Similarly, upon knockdown of Ninj1 in RKO cells, the level of newly synthesized p53 protein was increased by 2.2-fold (Fig. 3H) . Together, these data suggest that Ninj1 deficiency promotes p53 mRNA translation.
Ninj1 Deficiency Enhances Cellular Senescence and Radiosensitivity in a p53-Dependent Manner. p53 is known to play a critical role in cellular senescence (1) . Thus, to explore the biological significance of Ninj1-mediated p53 expression, we measured cellular senescence in primary ninj1 +/+ and ninj1 −/− MEFs at various passages. We found that from passage 5 to 7, lack of Ninj1 markedly increased the number of senescence-associated β-galactosidase (SA-β-gal)-positive cells under a nonstress condition (Fig. 4A, Upper) . Quantitative analysis indicated that the SA-β-gal-positive cells were increased from 13.9% in ninj1
MEFs to 36.2% in ninj1 −/− MEFs at passage 5, from 21.7 to 40.3% at passage 6, and from 32.7 to 62.72% at passage 7 (Fig.  4A, Lower) . We also found that lack of Ninj1 sensitized MEFs at passage 3 to DNA damage-induced premature senescence (50% in ninj1 +/+ MEFs vs. 82% in ninj1 −/− MEFs) (Fig. 4B) . Consistent with this, we showed that the level of p53 protein along with p21, PAI-1, and p130 was significantly increased by lack of Ninj1 in MEFs at passage 4 at both the basal and stress conditions (Fig. 4C , compare lanes 1 and 3 with 2 and 4, respectively). We would like to mention that p21, PAI-1, and p130 are well-defined markers for p53-dependent cellular senescence (8, 18) .
Because p53 is known to be critical for radiosensitivity (19) , we explored whether loss of Ninj1 predisposes mice to radiationinduced lethality upon whole-body γ-irradiation. We would like to mention that Ninj1-null mice were short-lived, potentially because of hydrocephalus (Fig. S10) . Thus, ninj1
+/− mice (n = The luciferase activity was measured from the luciferase constructs Ninj1-W or Ninj1-M in H1299 cells, which were transfected with an empty vector or pcDNA3 expressing wild-type p53 or mutant p53(R249S) for 24 h. The luciferase construct carrying the p21 promoter was used as positive control. The experiment was performed in triplicate. Error bars indicate SD. *P < 0.001 between pcDNA3 and p53; **P < 0.001 between p53 and p53(R249S) by two-tailed t test.
11), which did not exhibit any detectable abnormality by 1 y of age, along with ninj1 +/+ mice (n = 9), were irradiated with 8 Gy of whole-body γ-ray and then monitored for radiation-associated mortality for 22 d. We found that ninj1 +/− mice were more sensitive to radiation-induced death than ninj1 +/+ mice (Fig. 4D) and ninj1 +/+ mice was statistically significant (log-rank test, P = 0.043). Consistent with this, we found that the level of p53 protein in the thymus was higher in ninj1 +/− mice than in ninj1 +/+ mice upon exposure to 8 Gy of γ-ray (Fig. 4E , compare lanes 1 and 3 with 2 and 4, respectively). In addition, we found that the level of ninj1 mRNA in thymus was increased by γ-irradiation compared with unirradiated control thymus (Fig. S11) , consistent with the observation that ninj1 can be induced by DNA damage (Fig. 1B) . These data suggest that Ninj1 deficiency enhances ionizing radiation-induced p53 expression and lethality in mice.
To further explore the involvement of p53 in Ninj1-mediated biological function, we determined whether cellular senescence induced by loss of Ninj1 (Fig. 4 A-C) requires p53. To test this, we generated Ninj1 and p53 double-knockout MEFs. We showed that ninj1 transcript and p53 protein were absent in ninj1 −/− ; p53 −/− MEFs regardless of doxorubicin treatment (Fig. 5 A and B, lanes 3 and 6). We also showed that loss of Ninj1 increased the number of SA-β-gal-positive cells in ninj1 −/− MEFs at passage 5 compared with that in ninj1 +/+ MEFs (Fig. 5 C and D) , consistent with the observation in Fig. 4A . Most importantly, cellular senescence induced by loss of Ninj1 was abrogated by p53 knockout regardless of treatment with doxorubicin ( Fig. 5 C and D) . Consistent with this, the increased levels of senescence markers p130 and p21 by loss of Ninj1 were mitigated by p53 knockout regardless of treatment with doxorubicin (Fig. 5B , compare lanes 2 and 5 with 3 and 6, respectively). These data suggest that Ninj1 regulates cellular senescence in a p53-dependent manner. Discussion p53 plays a critical role in growth suppression, and disruption of balanced p53 regulation would lead to tumor development. Thus, the p53 activity needs to be finely tuned in normal tissues. To tightly control the p53 pathway with complex downstream networks, various positive or negative autoregulatory feedback loops are involved in the regulation of the p53 pathway (20) , including p53-Mdm2 (21), p53-RNPC1 (22), p53-Wig-1 (23), and p53-Ninj1 in this study. Specifically, we found that p53 can transcriptionally up-regulate Ninj1 by directly binding to the p53-RE in the promoter. In addition, we showed that silencing of Ninj1 enhances p53 mRNA translation, leading to increased p53 expression. Furthermore, we showed that Ninj1 deficiency suppresses cell proliferation but enhances apoptosis and premature cellular senescence in a p53-dependent manner. Finally, we showed that mice deficient in Ninj1 are hypersensitive to ionizing radiation-induced lethality along with increased expression of p53 in thymus. Together, we uncovered a feedback loop between p53 and Ninj1, and our data suggest that Ninj1 plays a role in p53-dependent cell proliferation, premature senescence, and radiosensitivity in vitro and in vivo (Fig. 5E ). Numerous observations suggest that cell-cell or cell-matrix adhesion through adhesion molecules, such as integrins and cadherins, regulates cell survival, tumor invasion, and metastasis (24, 25) . Interestingly, the ability of p53 to regulate cell survival in response to DNA damage is also regulated by cellcell interaction via adhesion molecules (26) . In addition, focal adhesion kinase, an integrin-and growth factor-associated tyrosine kinase, is known to promote cell survival through enhancing p53 degradation (27) . Although p53 regulates a diverse array of target genes (28) , including the gene encoding integrin α5 (29), it is still not clear whether p53 directly regulates the gene encoding a cadherin. Here, we showed that Ninj1, a cell adhesion molecule, is regulated by p53, which, in turn, regulates cell proliferation and premature senescence through modulating p53 expression. Nevertheless, the mechanism by which Ninj1 regulates p53 mRNA translation is not clear but worth further investigation. One possibility is via mechanistic target of rapamycin (mTOR) kinase, which can be activated by growth signals and regulates mRNA translation via assembly of eukaryotic translation initiation factor (eIF) complex (30) . For example, inhibition of mTOR decreases p53 translation (31) whereas knockout of protein regulated in development and DNA damage response 1, a stress-induced inhibitor of mTOR1, increases p53 translation (32) . The other possibility is that Ninj1-mediated signals may modulate the assembly of translation initiation complex such as eIF4F complex (4E+4G+4A), eIF4B, and poly(A)-binding protein (33) . For example, RNPC1, also called Rbm38, is a p53 target, which, in turn, represses p53 mRNA translation by preventing eIF4E from binding to p53 mRNA (22) .
Ninj1 is known to be highly expressed in hepatocellular carcinoma (14) and acute lymphoblastic leukemia (15) , suggesting that Ninj1 has an oncogenic potential. In this study, we showed that lack of Ninj1 leads to increased expression of p53 and subsequently enhances cellular senescence, growth suppression, and radiation-induced lethality in mice. Considering that p53 plays a critical role in growth suppression and radiation-induced hematopoietic injury (19, 34) , our findings indicate that Ninj1 exerts its oncogenic function by repressing p53-dependent growth suppression. Overall, we postulate that as a membrane adhesion molecule, Ninj1 is an ideal target to regulate p53 activity via the p53-Ninj1 loop for cancer therapy.
Materials and Methods
Plasmid constructs, cell line generation with tetracycline-regulated inducible system, ninj1 knockout mouse generation, MEF isolation, γ-irradiation, Northern and Western blot analyses, ChIP assay, luciferase assay, RT-PCR, SA-β-gal assay, 35 S metabolic-labeling assay, colony-formation assay, cell fractionation, immunofluorescence analysis, DNA histogram analysis, and statistical analysis are available in SI Materials and Methods. Primers for RT-PCR and ninj1 genotyping are listed in Table S1 . siRNA sequences for mouse ninj1 knockdown are listed in Table S2 .
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SI Materials and Methods
Plasmids. pcDNA3 vectors carrying wild-type protein p53 or mutant p53(R249S) and pGL2 luciferase reporter vector carrying the p21 promoter (pGL2-p21A) were generated previously (1).
To generate the nerve injury-induced protein 1 (Ninj1) promoter luciferase reporter, a 167-bp DNA fragment (from nucleotide −2573 to −2407) containing a potential p53-responsive element (p53-RE) located in the Ninj1 promoter was amplified by PCR with forward primer 5′-GGG GAA GCT TCA CAT AGG GGC TGC TCT GCT G-3′ and reverse primer 5′-GGG GAG ATC TCC ACC TAC TTT CAA GTT CTC C-3′. The DNA fragment was then cloned into the OFluc vector (2) and confirmed by DNA sequencing. The resulting vector was named OFlucNinj1-W. To generate the Ninj1 luciferase reporter carrying mutant p53-RE, the region flanking the p53-RE in the Ninj1 promoter was amplified by PCR, with forward primer containing mutated p53-RE (5′-GGG GAA GCT TCA TCT GCC AGC CCG TTC CTC CCA GCC ACA CCC CTC CTC TGT GTC TCT CCT GGG GAT ATA TCC CTC AGC TCA GGG TCA-3′) and the reverse primer used for amplifying wild-type p53-RE. The DNA fragment was then cloned into the OFluc vector. The resulting vector was named OFluc-Ninj1-M.
To generate a vector carrying shRNA against Ninj1, two oligonucleotides were synthesized, annealed and then cloned into pBabe-H1 expression vector (3). The forward oligonucleotide is 5′-GAT CCC CCG TGG ATG GGC TGG ATG AGT TTC AAG AGA ACT CAT CCA GCC CAT CCA CGT TTT TGG AAA-3′, and the reverse oligonucleotide is 5′-AGC TTT TCC AAA AAC GTG GAT GGG CTG GAT GAG TTC TCT TGA AAC TCA TCC AGC CCA TCC ACG GGG-3′, with shRNA-targeting regions in boldface. The resulting vector was named pBabe-H1-shNinj1.
Cell Lines and Tetracycline-Regulated Inducible System. HepG2 hepatocellular carcinoma cells were cultured in DMEM (Invitrogen) supplemented with 10% (vol/vol) FBS (HyClone). RKO, MCF7, LNCaP, T98G, p53-null HCT116, p53 +/− HCT116, p21-null HCT116, and p53-null H1299 were maintained as described previously (4) (5) (6) (7) (8) . Tetracycline-regulated (Tet-on) inducible cell-line generation and culture condition were described previously (9) . To generate inducible Ninj1 knockdown cell lines, pBabe-H1-shNinj1 was transfected into RKO (RKO-TR13) cells in which a Tet-repressor is expressed by pcDNA6. Ninj1 knockdown cell lines were selected with medium containing 2 μg/mL puromycin and 10 μg/mL blasticidin.
Ninjurin-1 Knockout Mouse Generation and Mouse Embryonic Fibroblast
Isolation. ninj1 tm1a(KOMP)Wtsi mice carrying loxP-flanked exon 2 of the ninj1 gene were generated by the murine targeted genomics laboratory at University of California (UC) Davis (Fig. S7A) . To generate Ninj1 knockout mice, ninj1 tm1a(KOMP)Wtsi mice were bred to C57BL6 carrying EIIa-cre recombinase [The Jackson Laboratory; stock no. 003724; B6.FVB-Tg(EIIa-cre)C5379Lmgd/J] (Fig. S7A) . The mice from these breeding were genotyped by PCR (Fig. S7C ) using primers described in Fig. S7B and Table S1 . To generate ninj1 −/− mouse embryonic fibroblasts (MEFs), pairs of ninj1 ;p53 +/− mice were crossed and MEFs were isolated. The MEFs were cultured in DMEM supplemented with 10% FBS (HyClone), 55 μM β-mercaptoethanol, and 1× MEM nonessential amino acids solution (Cellgro). All animals were housed at the Campus Laboratory Animal Services vivarium facility at UC Davis. All animal care and use protocols were approved by the UC Davis Institutional Animal Care and Use Committee (Protocol 16595).
γ-Irradiation. Eight-week-old mice were used for whole-body irradiation. The mice were restrained in well-ventilated plastic boxes and exposed to γ-radiation [8 Gy; at the dose rate of 5.97 Gy/min; Mark I Model 30 calibrated Cs-Ba-137 gamma ray irradiator (J.L. Shepherd & Associates) located at Center for Health and Environment, University of California, Davis, CA]. The mice were then returned to the animal facility, followed by monitoring for survival over 22 d.
Northern Blot Analysis. Total RNAs were isolated using TRIzol (Invitrogen) and used for Northern blot analysis as described previously (6) . The p21 and GAPDH probes were described previously (6). The Ninj1 cDNA probe was generated by RT-PCR using primers 5′-ATC TTC ATC ACG GCC TTC G-3′ and 5′-GGA AGA CCT TAC AGG ACT C-3′.
Western Blot Analysis. Cell lysates were prepared with 2× SDS sample buffer, incubated at 95°C for 5 min, and used for Western blot analysis as described previously (6) . The antibodies used in this study were anti-human p53 (DO-1; monoclonal), anti-mouse p53 (1C12; Cell Signaling), anti-p21 (purified rabbit polyclonal), anti-Ninj1 (rabbit polyclonal; Sigma), anti-Mdm2 [SMP14 (Santa Cruz Biotechnology); 2A10 (Calbiochem)], anti-Actin (Sigma), anti-p130 (C-20; Santa Cruz Biotechnology), anti-PAI-1 (H-135, Santa Cruz Biotechnology), anti-Claudin1 (Invitrogen), antihnRNP c1/c2 (H-105; Santa Cruz Biotechnology), anti-PUMA (rabbit polyclonal; Sigma), anti-β-catenin (E-5; Santa Cruz Biotechnology), and anti-Integrin β4 (G-7; Santa Cruz Biotechnology).
ChIP Assay. ChIP was done as described previously (1) . Protein-DNA complexes were immunoprecipitated with anti-p53 antibody (DO-1). The PCR primers used to amplify a p53-responsive region in the Ninj1 gene (nucleotides −2573/−2407) are the same primers used for OFluc-Ninj1-W cloning. The primers for p21 and GAPDH promoter are described in Table S1 .
Luciferase Assay. The dual luciferase assay was done according to the manufacturer's instructions (Promega). Briefly, H1299 or MCF7 cells (5 × 10 5 per well) were seeded on a 12-well plate, cultured for 24 h, and transfected with OFluc-Ninj1 reporter (500 ng), along with empty pcDNA3 vector (500 ng) or pcDNA3 vector carrying wild-type p53 or mutant p53(R249S), followed by incubation for 48 h. Renilla luciferase vector (3 ng) was also cotransfected as an internal control. Luciferase activity was measured in triplicate.
RT-PCR. Total RNAs were purified with TRIzol (Invitrogen). Reverse transcription was performed with Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega). The primers used to amplify Ninj1, p53, p21, and GAPDH transcripts are described in Table S1 . Quantitative PCR was performed using Absolute Blue QPCR Master mix (Thermo Scientific) and Mastercycler ep realplex system (Eppendorf).
Senescence-Associated β-Galactosidase Assay. MEFs were seeded in a six-well plate and cultured in various conditions. Cells were then washed with PBS and fixed with a solution (2% formaldehyde and 0.2% glutaraldehyde in PBS) for 15 min at room temperature, followed by staining with β-galactosidase (β-gal) staining solution [1 mg/mL 5-bromo-4-chloro-3-indolyl-β D-galactopyranoside, 40 mM citric acid/sodium phosphate (pH 6.0), 150 mM NaCl, 2 mM MgCl 2 , 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide] for 12 h at 37°C. The β-gal-positive cells were quantified by light microscopy. The samples from immunoprecipitation were separated in 8% SDS/PAGE. The PAGE gel was dried on 3-mm paper, and the protein signals were captured by autoradiography.
Colony-Formation Assay. Cells were cultured for 12-14 d and then fixed with a solution containing methanol and glacial acetic acid (7:1), followed by staining with crystal violet (200 mg/L) for 1 h at the room temperature.
Cell Fractionation. Cells were seeded in a 10-cm plate, cultured in various conditions, and then harvested. Cell pellets were homogenized in 1 mL of homogenization buffer [10 mM Tris·HCl (pH 7.5), 1 mM EDTA, 8.5% sucrose, protease inhibitor mixture; Sigma]. The nuclei were isolated by centrifugation at 1,500 × g for 10 min at 4°C and resuspended in 1× SDS/sample buffer. The resulting supernatant containing cell membranes was centrifuged at 35,000 rpm for 2 h at 4°C (SW41Ti ultracentrifuge rotor; Beckman). Cell membrane pellets were resuspended in 1× SDS/sample buffer.
Immunofluorescence Analysis. Cells were seeded on gelatin-coated coverslips in six-well plates. Cells were fixed with 10% buffered formalin, blocked with 1% BSA, and then incubated with primary antibody, followed by Alexa Fluor 488-conjugated secondary antibody. Nuclei were visualized using 4′,6-diamidino-2-phenylindole (Sigma). Subcellular localization of protein was analyzed by confocal microscopy (IX81-DSU; Olympus).
DNA Histogram Analysis. DNA histogram analysis was performed as described previously (10) . Cells were uninduced or induced to express shRNA against Ninj1 for 3 d, followed by treatment with 0.5 μg/mL doxorubicin for 48 h, collected, and then fixed. Cells were stained with propidium iodide and then analyzed by a FACS-Caliber, along with Cell Quest software (BD Biosciences).
Statistical Analysis. Two-tailed t test was performed for the statistical analysis of quantitative RT-PCR, luciferase assay, senescence-associated β-gal assay, and colony-formation assay. Log-rank test was performed for the statistical analysis of the median survival time between ninj1 +/+ and ninj1 +/− mice upon whole-body γ-irradiation (Fig. 4D) or between ninj1 +/+ and ninj1 −/− mice (Fig. S10A) . S1 . Ninj1 on the cell membrane is induced by DNA damage. HepG2 cells were treated with or without doxorubicin (DOX) (200 ng/mL) for 12 h, and cell membranes and nuclei were isolated. The levels of Ninj1 on the cell membrane (CM) and p53 in nucleus (NC) were measured by Western blot analysis. claudin1 (Cldn1) and hnRNP c1/c2 protein were measured as a cell membrane protein and a nuclear protein, respectively.
Fig. S2
. p53 induces Ninj1 expression through binding to the p53-RE in the Ninj1 promoter. The luciferase activity was measured from the luciferase constructs Ninj1-W or Ninj1-M in MCF7 cells, which were transfected with an empty vector or pCDNA3 expressing wild-type p53 or mutant p53(R249S) for 24 h. The luciferase construct carrying the p21 promoter was used as positive control. The experiment was performed in triplicate. Error bars indicate SD. *P < 0.001 between pcDNA3 and p53; **P < 0.001 between p53 and p53(R249S) by two-tailed t test. , and ninj1 −/− mice with primers as indicated in B and Table S1 . for 18 h, and the levels of p53 and Actin were measured by Western blot analysis. (B) Total RNA was isolated from MEFs (passage 13) transiently transfected with scrambled siRNA (SCR) (25 nM) or siRNAs (25 nM) against ninj1 for 48 h, followed by treatment without (Ctrl) or with doxorubicin (200 ng/mL) for 18 h. The levels of ninj1 and Gapdh transcripts were measured by RT-PCR. siRNA sequences targeting Ninj1 are described in Table S2 . (C) Experiment was performed as described in A, and the levels of p53 and Actin were measured by Western blot analysis. Table S1 . Primers for RT-PCR, ChIP assay, and genotyping
Primer name Sequence
hNinj1-RT-F 5′-ACATCTTCATCACGGCCTTC-3′ hNinj1-RT-R 5′-GGGAACAGCTGCTGAGAGAC-3′ hp53-RT-F 5′-GGCCCACTTCACCGTACTAA-3′ hp53-RT-R 5′-GTGGTTTCAAGGCCAGATGT-3′ p21-RT-F 5′-TGAGCCGCGACTGTGATG-3′ p21-RT-R 5′-GTCTCGGTGACAAAGTCGAAGTT-3′ hGAPDH-RT-F 5′-AGCCTCAAGATCATCAGCAATG-3′ hGAPDH-RT-R 5′-ATGGACTGTGGTCATGAGTCCTT-3′ mNinj1-RT-F 5′-GCAGTAGAACGCCCAGAGAC-3′ mNinj1-RT-R 5′-GGTCACAGTTGGACGGAAGT-3′ mp53-RT-F 5′-AGAGACCGCCGTACAGAAGA-3′ mp53-RT-R 5′-CTGTAGCATGGGCATCCTTT-3′ mGAPDH-RT-F 5′-AACTTTGGCATTGTGGAAGG-3′ mGAPDH-RT-R 5′-GGATGCAGGGATGATGTTCT-3′ p21-ChIP-F 5′-CAGGCTGTGGCTCTGATTGG-3′ p21-ChIP-R 5′-TTCAGAGTAACAGGCTAAGG-3′ GAPDH-ChIP-F 5′-AAAAGCGGGGAGAAAGTAGG-3′ GAPDH-ChIP-R 5′-AAGAAGATGCGGCTGACTGT-3′ Ninj-P1 5′-CCCCTTGTGGTCCTCATCTC -3′ Ninj-P2 5′-CCCTTGCCATTCCTGATGAC-3′ Ninj-P3 5′-GTTGTGGTTTGTCCAAACTC-3′
F, forward; R, reverse. 
